[1] We present a new technique for remote sensing determination of lunar surface composition in the context of the SMART-1 mission. The technique is based on spectral and composition data obtained by Lunar Soil Characterization Consortium for a few particle-size separates of lunar soils. We map the abundance of TiO 2 and FeO, pyroxene content, maturity degree (I s /FeO), and a characteristic size of particles. Comparison of the TiO 2 and FeO abundance maps with proper distributions obtained by Lucey et al. [2000a] shows high correlation. We found also an inverse correlation between the I s /FeO distribution and Lucey et al. 's [2000b] parameter OM. Application of this approach shows that fresh mare crater regolith is characterized with a higher abundance of pyroxenes, coarse particles, and low maturity degree. The pyroxene abundance map can be used to identify pyroclastic regions. An excess of small particles is predicted for highland areas. We note appreciable variations of the characteristic size of particles in mare regions. Our preliminary results for the Reiner-g formation show that there is no composition anomaly for the TiO 2 and FeO abundance, in agreement with previous analyses. Our maps also indicate that the formation contains a surface material characterized with low maturity and high degree of crystallinity, consistent with the occurrence of immature regolith possibly contaminated with dust.
Introduction
[2] Multispectral photometry is a powerful tool to examine lunar surface chemistry, mineralogy, and physical properties. Pioneers of quantitative lunar spectral studies [e. g., Whitaker, 1972; McCord and Adams, 1973; Charette et al., 1974; McCord et al., 1976 McCord et al., , 1981 clearly demonstrated the diagnostic potential of spectral reflectance measurements for the lunar surface. Multispectral photometric imaging gives valuable information about the first few millimeters of the lunar regolith and provides the highest spatial resolution among remote sensing methods. Such data are very important for geologic studies of the lunar surface.
[3] In 1994 the NASA-DoD Clementine spacecraft acquired multispectral images for more than 90% of the lunar surface [Nozette et al., 1994] . In fact, Clementine has opened a new era in geologic studies of the Moon with multispectral images of high spatial resolution. It allows considerable advance in understanding the history and evolution processes on the lunar surface [e.g., McEwen et al., 1994; Pieters et al., 1994; Shoemaker et al., 1994; Tompkins and Pieters, 1999; Blewett et al., 1997; Lucey et al., , 2000a Lucey et al., , 2000b Le Mouelic et al., 2000; . Multispectral Clementine data in combination with Earth-based observations and laboratory measurements of lunar samples allowed progress in evaluating the chemical composition of the lunar surface. The most widely used approach to estimate composition (TiO 2 , FeO), and maturity degree of the lunar surface was suggested by Lucey et al. [1995 Lucey et al. [ , 1998 Lucey et al. [ , 2000a Lucey et al. [ , 2000b and Blewett et al. [1997] . However, attempts to improve this algorithm or develop an independent technique are continuing [e.g., Shkuratov et al., 1999a] .
[4] Detailed compositional and spectral analyses of lunar soils carried out by the Lunar Soil Characterization Consortium (LSCC) [Taylor et al., 1999 [Taylor et al., , 2000a [Taylor et al., , 2000c [Taylor et al., , 2001 ] provide a unique opportunity to develop an approach that might be successfully used in remote compositional analysis of the lunar surface. Direct and indirect links between the combined spectral parameters of soils and their compositional characteristics have been evaluated through a statistical analysis of the variance across each type of measurement using principal component analysis . Initial steps to establish links using the Clementine UVVIS spectral bands and LSCC data have also been carried out Shkuratov et al., 2002a] .
[5] Exploration with the upcoming ESA SMART-1 spacecraft is expected to significantly extend knowledge about the Moon, particularly by providing new multispectral images with high resolution. The images will be acquired for a wider range of illumination/observation geometry than in case of Clementine. This allows a quantitative analysis of the surface physical properties with phaseangle-ratio images. Usefulness of phase-angle-ratio images has been demonstrated with telescope images of the Moon [e. g., Shkuratov et al., 1994] and then with Clementine data [Shkuratov et al., 1999b] . This technique is planned to be applied to SMART-1 data [Shkuratov et al., 2002b] to study lunar surface areas that have undergone a fresh disturbance of the surface structure. Clementine phase-angle-ratio images of the Apollo 15 landing site, for example, have already allowed us to find recent disturbances of the regolith formed by the landing jets Shkuratov, 2001, 2003] .
[6] Another important and more conventional use of SMART-1 multispectral data is remote composition analysis of the lunar surface. Spectral bands of the SMART-1 camera are close to the spectral bands of the Clementine UVVIS camera. This permits us to plan joint compositional analyses of the lunar surface with Clementine and SMART-1 images. Moreover, this allows one to use current Clementine data in order to study the applicability and efficacy of future SMART-1 data for remote composition analyses.
[7] This paper aims to present a technique for remote sensing determination of lunar surface composition in the context of SMART-1 measurements. To develop and demonstrate this technique, Clementine UVVIS data and recent results of the LSCC studies are used. To better understand the capability of SMART-1 data, we give a short description of the SMART-1 mission focusing on the imaging experiment. Then the analysis technique is described and example maps of chemical/mineral composition are presented.
2. Lunar Images to be Collected by SMART-1
SMART-1 Mission
[8] The SMART-1 mission is the first in the program of ESA's Small Missions for Advanced Research and Technology [Foing and SMART-1 team, 1999] . Its objective is to demonstrate an electric primary propulsion for future missions (such as Bepi-Colombo) and to test new technologies for spacecraft and instruments [Racca et al., 2001 . The approved SMART-1 scenario includes 6 months operations in a lunar polar orbit, with possible extension of the mission.
[9] SMART-1 is a box-shaped spacecraft with a total mass of about 350 kg. The spacecraft will be launched from the Ariane-5 booster into a transition orbit. The primary propulsion is used to spiral out from the orbit (during 15-17 months depending on the precise launch date), then achieve lunar swing-by, capture, spiraling in to a near-polar orbit with apolune of 10000 km and perilune of 300-1000 km placed upon the south pole. The orbit plane of the spacecraft will be constant in space, and hence each three months solar rays will be approximately perpendicular or parallel to the plane (in sectors ±45°). To provide optimal illumination of the solar panels, the spacecraft will have two orientation modes, corresponding to the three months periods.
[10] The SMART-1 science payload, with a total mass of about 15 kg, includes innovative instruments and advanced technologies [Almeda et al., 2002] . In particular, a camera AMIE, a near-infrared point-spectrometer (SIR) for mineralogy investigation, and a compact X-ray spectrometer (D-CIXS) providing fluorescence spectroscopy and imagery of the elemental composition will be used.
AMIE/SMART-1 Camera
[11] One of the main goals of the SMART-1 mission is to acquire lunar images with the AMIE camera. The camera will be able to take images in NIR filters with high photometric precision and resolution [Josset et al., 2002] . The AMIE/SMART-1 imaging system consists of two parts: the AMIE micro-imager camera unit and the AMIE electronics unit. The micro-imager is placed on one of the lateral panels of the spacecraft. The main functions of the system are to take images, to keep image data in a memory buffer, to carry out image processing tasks (data compression, image subtraction), and to allow the downloading of the images by the on-board computer.
[12] The AMIE/SMART-1 will provide a high spatial resolution on the order of 50-100 m/pixel. As the spacecraft moves along the orbit, a sequence of images will cover narrow pieces of the lunar surface with the length not exceeding 300 -500 km and width near 50 km. The AMIE/SMART-1 camera has been equipped with four filters, in the NIR spectral range 965, 915, 830, and 750 nm; these filters correspond to different surface portions of CCD array, as shown in Figure 1 . The CCD part denoted with ''no filter'' operates in total light (with maximal sensitivity) trying to obtain images of permanently shadowed regions that can nevertheless be slightly illuminated by solar light reflected from neighbor places of the lunar surface. As seen in Figure 1 , there are two sets of filters corresponding to the two modes of spacecraft orientations mentioned above. Images of the same regions in different spectral ranges will be obtained sequentially as the spacecraft moves along the orbit. Spectral curves of the filters accounting for the spectral response of the CCD array are shown in Figure 2 . A small part of the CCD array has been covered with a filter centered at 830 nm. This will provide the SMART-1 laser-link experiment that will be performed by pointing the spacecraft's AMIE camera towards the Earth. The filter 830 nm can also be used for spectral imaging the lunar surface, though it will cover only a half area of each strip of images (see Figure 1) . The micro-imager will work in close conjunction with the SIR and D-CIXS instruments. Two AMIE filters overlap and complement the SIR spectrometer (900-2400 nm).
Photometric Calibration
[13] Images from the AMIE camera will require a careful photometric calibration. The images can be transposed in the Clementine UVVIS photometric system. Actually, this is a necessity if we will implement the technique presented below for chemical/mineral determination of the lunar surface using AMIE/SMART-1 images.
[14] Images obtained by the UVVIS camera were processed with radiometric calibration, normalization on photometric function, and transformation to obtain values of albedo [McEwen et al., 1998 ]. The transition to albedo was performed by comparison of Apollo-16 sampled site images obtained by Clementine with laboratory measurements of bidirectional spectral reflectance of Apollo-16 soil samples using the RELAB instrument [Pieters et al., 1991] . The laboratory sample used for calibration (62231) was carefully selected as a representative of mature Apollo-16 soil. It was measured multiple times at zero angle of observation, when incident (phase) angle equals 30° [ Pieters, 1999] .
[15] Comparing Earth-based measurements by Saari and Shorthill [1967] and Clementine data shows that in recent studies the Clementine calibrated albedo scale is 1.5 times too large compared to that observed for ground-based data [Hillier et al., 1999; Shkuratov et al., 2000] . An additional factor of 1.6 is suggested to accommodate differences in phase angle (Clementine at 30°versus Earth-based at 5°). A reason for the difference (1.5 Â 1.6 times) between the Clementine and Earth-based observations can be that the contribution of the shadow-hiding effect to brightness phase functions measured with a telescope and in the laboratory should be noticeably different. Any fine structure of the natural regolith is destroyed when the samples are collected and thus is not present in laboratory measurements. Furthermore, in the RELAB measurements the size of the surface element under study is only several millimeters [Pieters et al., 1991] . Hence the contribution to total brightness of shadow-hiding on the lunar surface at the millimeter-centimeter scales is absent in the laboratory case.
[16] Here we deal with spectra of lunar samples obtained by RELAB in the same condition (30°incident angle at zero angle of observation) as the Apollo-16 sample used for the absolute calibration of Clementine data. Therefore the photometric calibration of our initial data is on the same scale, and the laboratory and Clementine data can be used together.
Compositional Predictions

Data and Their Analysis
[17] Our analysis is based on laboratory studies of currently available lunar soils. The mare soils include LSCCcharacterized regolith samples of the Apollo-11, -12, -15, and -17 missions [Taylor et al., 2001] . The highland regolith is only represented by preliminary data for Apollo-16 soils [Fischer, 1995] , which includes bulk chemical composition, but no appropriate mineral characterization. Therefore our chemical/mineral predictions for the highland surface as well as unusual mare regoliths (potentially swirl materials) are very preliminary. The highland predictions will become more reliable, when data for a range of Apollo-16 highland soils and perhaps Luna-20 regolith are completed by LSCC and incorporated into our algorithm.
[18] The initial data for mare soils produced by LSCC include mare regolith samples selected to be representative of various lunar basalt compositions having different degrees of soil maturity. Coordinated compositional and spectral measurements of each soil were obtained for four subsamples with controlled particle size: <45 mm, <10 mm, 10-20 mm, and 20-45 mm. To minimize physical effects of sample preparation, all size separates were prepared with ultra-pure deionized water. The <45 mm sample is consid- ered to represent the bulk soil since it has been demonstrated that the optical properties of bulk soils are dominated by the smaller size fractions . This is believed to be due to larger particles being covered by smaller particles in a natural soil. However, it may present some limitations in the case when the regolith is locally disturbed, such as this can be in the situation occurring with swirls.
[19] In this work we restrict our analysis to five characteristics: the abundance of TiO 2 and FeO, total pyroxenes content, maturity degree (I s /FeO), and characteristic size of particles (d). Although other characteristics, such as content of ilmenite, olivine, etc., are also available, the most reliable prediction can be made just for the mentioned five parameters. An example of the composition determination of 15071 soil separates from the Apollo-15 mission is given in Table 1 (more details given by Taylor et al. [2001] ). Data for the few Apollo-16 soil samples included in our analysis have been characterized in literature; see details given by Fischer [1995] .
[20] Bidirectional spectra were obtained for all samples with the RELAB spectrometer in the spectral range 300 -2600 nm at a phase (incident) angle 30°. We have transposed the set of soil spectra into the spectral framework of the AMIE/SMART-1 (750, 915, and 965 nm) and Clementine (415, 750, 900, 950, and 1000 nm) spectral bands (see Figure 2 ). All spectra of the samples have been convolved with the spectral curves of the filters and the CCD response.
[21] The main purpose of our statistical approach is to find relationships that provide the highest correlation coefficients between different linear combinations of optical parameters, on one hand, and chemical/mineral composition, degree of maturity, and size of regolith particles, on the other hand. The choice of the optical parameters is not unique, and therefore the suggested technique is also nonunique. However we anticipate that different choices, if they are not too artificial and exotic, will give similar results. We confirmed this, studying several suites of optical parameters [Shkuratov et al., 2002a [Shkuratov et al., , 2002b Omelchenko et al., 2002] .
[22] The most natural way to demonstrate our technique is to use Clementine 5-band images. Initial exciting results have already been obtained on this way Shkuratov et al., 2002a] . Nevertheless, realizing the importance of the SMART-1 mission we would prefer to use simulated AMIE/SMART-1 data. To illustrate our technique we must transform Clementine images into the 3-bands of AMIE/SMART-1. For this purpose we linearly interpolated Clementine data to the corresponding wavelengths. We ignore the spectral channel 830 nm as it covers only half the area of other SMART-1 images, though there is no problem involving this in the analysis.
[23] To simulate multispectral AMIE/SMART-1 data we use the following optical parameters: albedo A R = A(750 . While the choice of the color indexes C IR1 and C IR2 is quite rational, the choice of the parameter of spectral bend D is not so evident. In a first approximation it characterizes the depth of the pyroxene band. Mapping this parameter with Clementine data shows that it is useful for geologic studies of the lunar surface, in particular, to find regions of nonmare volcanism on the Moon [Raitala et al., 1999] .
[24] Our studies show that a suitable expression for deriving high correlation coefficients and small residual errors is the following form:
where P is a studied parameter. The weight coefficients a, b, c, d, and e minimize the RMS deviations of the calculated values of P from the measured ones. These coefficients as well as the resulting correlation coefficients k for the predicted and measured values of the five studied parameters are given in Table 2 . All cases reveal high correlation coefficients that confirms the usefulness of the prognoses presented below. It should be emphasized that formula (1) is an empirical equation. The right side of the equation is a linear combination of well-known optical characteristics. In the left side we used log to avoid a potential problem related to negative values of predicted parameters.
[25] In spite of our intention to use simulated AMIE/ SMART-1 data, we have also made the same analysis for Clementine (5-bands) data in order to test the stability of our prognoses. In case of the Clementine data we deal with the following optical parameters: . The same type of the calibrating equation has been used.
[26] Results of our determinations of lunar surface composition are illustrated as maps. We use the spectral cube of Clementine UVVIS mosaics with 1-km resolution as initial reflectance data. We map abundance of TiO 2 and FeO, pyroxenes content, I s /FeO, and d for a large portion of western maria of the nearside (see Figure 3) . The prediction maps are presented in Figures 4 -8 . In all cases dark color corresponds to low values of the mapped parameter. All maps include small inserted frames (right side) that are ratios of the distributions determined with Clementine (5-bands) and simulated AMIE/SMART-1 (3-bands) data. These ratios show detailed dissimilarity of images that ; ð3Þ
where x = 0.08, y = 1.19, and z = 0.42.
Chemical/Mineral Composition
[28] We start with the estimation of TiO 2 . The earliest relationship between the TiO 2 abundance in mare soils and the slope of spectral continuum in the visible range was established by Charette et al. [1974] . In terms of UV/Vis ratios, say A(400 nm)/A(560 nm), relatively ''blue'' basalts are Ti-rich and relatively ''red'' basalts are Ti-poor [see, e.g., Pieters, 1978] . More advanced methods to optimize this correlation were used by Johnson et al. [1991] , Blewett et al. [1997] , Lucey et al. [1998 Lucey et al. [ , 2000a , and Shkuratov et al. [1999a] . One of the problems with this relationship is a strong nonlinearity of the correlation; for Ti-poor materials the correlation is practically absent. Various explanations of this empirical relation have been proposed [Pieters, 1978 [Pieters, , 1993 Shkuratov, 1982; Lucey et al., 2000a] , but complete consensus on the origin of this relationship has not been forthcoming.
[29] Using equation (1) with proper coefficients from Table 2 and simulated AMIE/SMART-1 data we have estimated the distribution of TiO 2 on the lunar surface. Results are presented in Figure 4 . Qualitatively, this distribution is very similar to what one can find in many other works [e.g., Johnson et al., 1991; Blewett et al., 1997; Lucey et al., 1998 Lucey et al., , 2000a Shkuratov et al., 1999a] . The distribution is well correlated with UV/Vis color index [c.f. Whitaker, 1972] . This is amazing, as the simulated AMIE/SMART-1 data do not use UV range at all. Thus the information about the UV-Vis behavior of lunar spectra is latently contained in the NIR part of the spectra. The range of TiO 2 variations near 0.1-12% seems to be quite reasonable.
[30] The small inserted frame in Figure 4 , which presents ratios of the TiO 2 distributions that correspond to Clem- entine (5-bands) and simulated AMIE/SMART-1 (3-bands) data, reveals variations correlated with the predicted TiO 2 distribution. It appears that the AMIE/SMART-1 (3-bands) distribution of TiO 2 has muted contrast. On average this ratio equals 0.81; it means that the simulated AMIE/ SMART-1 (3-bands) data predict 19% higher content of TiO 2 than in case of Clementine (5-bands) data. The range of variations of the ratio is rather small; it averages near 16 relative percents. It should be also emphasized that the correlation coefficient for TiO 2 distributions generated with the Clementine and simulated AMIE/SMART-1 data is rather high; it equals 0.94.
[31] For further comparison we used the prediction of TiO 2 distribution by Lucey et al. [2000a] (see equation (3)) for the same region. We have studied the linear regression (TiO 2 ) L = A(TiO 2 ) S + B, where (TiO 2 ) L and (TiO 2 ) S correspond to Lucey et al.'s [2000a] and simulated AMIE/ SMART-1 (3-bands) data, respectively. Results are given in Table 3 , which shows that the correlation coefficient of the regression is very high, though the scales of the TiO 2 distributions are rather different. In our case the scale is noticeably compressed. For the region under study one does not meet values of TiO 2 more than 12%, whereas Lucey et al. 's [2000a] prediction shows values up to 20%. The latter seems to be too large.
[32] Iron is a very important rock-forming element. It is incorporated into several minerals and influences albedo of rocks and soils and produces absorption bands corresponding to specific minerals, such as pyroxene and olivine. A highly diagnostic absorption band due to Fe 2+ is seen in lunar spectra near 1 mm [e.g., Burns, 1993] . Therefore one would expect to find some correlation of albedo (and/or ratios) near 1 mm with FeO abundance.
[33] The results of our prediction for FeO are shown in Figure 5 . As would be anticipated highlands have significantly lower FeO abundance than in the case of maria. Distinct boundaries can be found between different mare areas. In many cases the boundaries on the map of FeO and TiO 2 are the same that provides correlation between these two parameters. An example of such a common boundary can be found southward of the crater Aristarchus.
[34] By analogy with the titanium case we compared our results with those of Lucey et al. [2000a] using the following linear regression (FeO) L = A(FeO) S + B. To estimate (FeO) L we use equation (2). The coefficients A and B are given in Table 3 . The range of FeO variations is approx- imately 3 -18%; that is reasonable. The scale of our FeO distribution is somewhat larger than in case of Lucey et al.'s [2000a] prediction, but on average (FeO) L = 16%, whereas (FeO) S = 13%. The reason for this difference can result from that the suites of samples used in the LSCC analysis and for obtaining equation (2) are too different. The correlation coefficient for the two compared distributions of FeO is as high as 0.92. Thus our FeO distribution turns out to be rather close to that of Lucey et al. [2000a] .
[35] The inserted fragment in Figure 5 presents variations of the ratio of FeO distributions corresponding to Clementine (5-bands) and simulated AMIE/SMART-1 (3-bands) data. On average this ratio equals 0.99. The range of ratio variations is small; it does not exceed 10%. Like in the case of TiO 2 the correlation coefficient for FeO distributions generated with the Clementine (5-bands) and simulated AMIE/SMART-1 (3-bands) data is very high; it equals 0.97. Thus the FeO distributions are very similar to each other.
[36] The new maps of FeO and TiO 2 abundance presented here are very informative and their detailed analysis will be presented elsewhere. We note here two results. Most of the young craters having bright albedo halos almost disappear on these maps. That is quite natural since the craters show up in albedo mostly due to their immature soils. The disappearing means that their ejecta materials have approximately the same composition as surrounding areas. However not all fresh craters disappear; some of them are seen on the FeO and TiO 2 abundance maps indicating vertical differences in composition. Thus high-resolution images that will be obtained with AMIE/SMART-1, using the suggested method, provide an opportunity to study chemical inhomogeneities of the lunar surface in vertical cross section at small scales. Another important observation for the FeO and TiO 2 abundance maps is that the Reiner-g formation is almost invisible. Hence this swirl is definitely not a compositional anomaly on the lunar surface, at least for the iron and titanium parameter, in agreement with earlier investigations [e.g., Bell and Hawke, 1981; Pinet et al., 2000] .
[37] The LSCC data, which includes detailed mineral analyses, allows prediction of pyroxene abundance for mare regions. Figure 6 shows a distribution of total pyroxene abundance obtained with equation (1). This is a first attempt to map pyroxene distribution, and therefore we have no opportunity to compare our results with data of other workers. We can only make a comparison for pyroxene distributions generated with the Clementine (5-bands) and simulated AMIE/SMART-1 (3-bands) data. We present their ratio with the inserted frame in Figure 6 . As can be seen, spatial variations of this ratio are small; on average it does not exceed 10 relative percents. The correlation coefficient of these two suites of data is 0.92; the scales of the distributions are very close to each other. The average of the pyroxene distribution for this region is 16%; variations are approximately 3 -20% that seems to be satisfactory.
[38] The map of total pyroxene abundance illustrates several aspects of soil formation as well as distinctions of rock type across the Moon. Relatively fresh mare craters, e.g., the crater Aristarchus, have a higher abundance of pyroxenes in their ejecta than in their surroundings. This is due to the fact that crystalline material in surrounding areas is consumed during the agglutinate formation process. We see that Reiner-g formation contains crystalline material. This consists with facts suggesting the presence of a young age for the formation [e.g., Shevchenko et al., 1993; . Although the initial algorithm for estimating the pyroxene abundance is derived only from the mare soil suite, the estimation works also fairly well for highland soils, which are known to exhibit lower pyroxene abundance. Lunar pyroclastic regions also exhibit low pyroxenes abundance (as they should). For instance, in Figure 6 one can easily find the mantled Aristarchus Plateau and dark mantle areas to the east of the crater Copernicus. Thus the suggested technique provides a good tool to identify additional regions with pyroclastics using Clementine and/or future AMIE/SMART-1 data.
Maturity and Particle Size
[39] There are different definitions of maturity degree of lunar soils [e.g., see Lucey et al., 2000b] . We use here the maturity characteristics I s /FeO that was introduced and studied by Housley et al. [1973] and Morris [1977 Morris [ , 1980 . This characteristic is the ratio of nanophase metallic iron content I s determined by measurements of ferromagnetic resonance to bulk abundance of iron oxide in a sample. Nanophase iron grains are formed by a few processes such as in-melt reduction with hydrogen, selective sputtering, and selective condensation of vaporization products resulting from microimpacts [Morris, 1977 [Morris, , 1980 Hapke, 2001] . Ferromagnetic resonance measurements are able to detect metallic iron inclusions with sizes more than 40Å but less than 300 Å [Morris, 1977 [Morris, , 1980 . If the value I s is related to surface condensation processes, it would correlate with the total area of surface particles. FeO bulk abundance is a function of the total volume of particles. Thus the ratio I s /FeO should be a function of particle size. If I s is strictly Figure 6 . Distribution of pyroxene for NW portion of the lunar nearside. Dark color means small content of pyroxene. The inserted frame presents the ratio of the pyroxene distributions originated with Clementine (5-bands) and simulated AMIE/SMART-1 (3-bands) data.
proportional to the surface area, then the ratio I s /FeO should be inversely proportional to average particle size of regolith samples. Morris [1977] found that for mature soils the ratio I s /FeO is actually proportional to d 0.18 , whereas for immature regoliths this is d 0.75 . The first value for mature soils means that the nanophase iron is basically distributed in the particle volume; the second for immature soils corresponds predominantly to near-surface iron concentration.
[40] Several attempts have been made to map the degree of soil maturity [e.g., Lucey et al., 2000b; Shkuratov et al., 1999a] , but they all are still preliminary. The technique suggested by Lucey et al. [2000b] uses the so-called optical maturity (parameter OM) instead of the ratio I s /FeO. This technique suggests the optical maturity is obtained only from the diagram color ratio (950 nm/750 nm) versus albedo (750 nm). If one uses the color ratio (415 nm/750 nm) to map the optical maturity, the results turn out to be very different [Kaydash and Shkuratov, 1998 ]. An improvement of Lucey's technique has been made with the combination of Clementine UVVIS and NIR data sets to better evaluate the spectral alteration effect [LeMouelic et al., 2000] . Another technique offered by Shkuratov et al. [1999a] allows simultaneous determination of FeO, TiO 2 abundance, and maturity degree, but it uses too poorly constrained data for chemistry and I s /FeO values for the landing sites of Apollo, Luna, and Surveyor missions.
[41] New LSCC measurements may make it possible to improve the I s /FeO prediction. Figure 7 shows a distribution of I s /FeO values mapped with equation (1) and simulated AMIE/SMART-1 (3-band) data. Young mare craters (their ejecta and rims) have very low maturity degree. The Reinerg formation is also an example of a region with very immature soil, with the possibility that the average maturity index I s /FeO be as low as 25-40 . For mare regions the map of I s /FeO exhibits a similarity to the pyroxene map, when comparing craters to background. This is natural, as the amount of crystalline material should anticorrelate with regolith maturity. All pyroclastic deposits, such as the Aristarchus Plateau, exhibit distinctly high values of I s /FeO. This is hardly related to a real excess of maturity. The physical and compositional properties of pyroclastic soils are perhaps too unusual to obey the same rules as other lunar materials. Note that Lucey et al. [1998 Lucey et al. [ , 2000b also suggested that pyroclastic materials may violate the assumptions on which the FeO, TiO 2 , and optical maturity mapping algorithms are based. Thus the I s /FeO, as well as the pyroxene content parameter, is a good empirical indicator for finding new sites of pyroclastic materials. Even though these results are not yet optimized for highland soils, we note that the difference between mare and highland regions in the parameter I s /FeO is small.
[42] We compared the I s /FeO distributions generated with the Clementine (5-bands) and simulated AMIE/SMART-1 (3-bands) data, and their ratio is given in Figure 6 (inserted frame). On average the ratio equals 1.2. It means that the simulated AMIE/SMART-1 (3-bands) data predict 20% lower values for the ratio I s /FeO as compared with Clementine (5-bands) data. Spatial variations of the ratio are rather large and reach up to 25%. The correlation coefficient of these two suites of data is comparatively low, 0.80. Thus the prediction of I s /FeO appears not as reliable as the other parameters, though it predicts a reasonable average of I s / FeO (near 60) and variations of the parameter I s /FeO, from several units to approximately 100.
[43] We compared the distributions of I s /FeO predicted by the LSCC data and the optical maturity parameter (OM) found with the technique by Lucey et al. [2000b] (see equation (4)). The correlation coefficient is not high (near À0.78) . This again suggests that the objective mapping of the parameter I s /FeO is in fact a difficult problem. The regression coefficients A and B for this correlation are given in Table 3 (all OM values are multiplied by the factor 1000 at the calculations).
[44] Although we have in our disposal only three particle size-separates of the samples, it allows us to consider the characteristic particle size d as an independent parameter, and values linked to relative particle size of soils can at least roughly be estimated by the suggested technique. Results of such a prediction is shown in Figure 8 . The produced map of the parameter d is very exciting. Relatively coarse particles appear to be characteristic of rims and ejecta of fresh craters material that is quite natural. Small particles are representative of highlands. Although our technique might be exploited with the restrictions, yet, the latter result is likely rational. The reason for some of the difference between highland and mare regoliths is known: plagioclase, which dominates the highland soil and rocks, can be crushed by micrometeorite impacts more efficiently than mafic minerals occurring in mare materials [e.g., Engelhardt et al., 1976] .
[45] We notice appreciable variations of the parameter d in mare regions. Areas with possibly coarsely grained regolith are southwest of Plateau Aristarchus and southwest of the crater Kepler. These regions can also be characterized as coarsely grained in the mapping of the average particle size with a polarimetric method [Shkuratov and Opanasenko, 1992] . These regions can be found as photometric anomalies in Earth-based telescope phase-ratio images .
[46] In Figure 8 we also find almost no traces of the Reiner-g formation, suggesting that the characteristic particle size of the formation would be the same as for surrounding areas. This is a surprising result, as this formation contains relatively crystalline material and shows low values of I s /FeO (low maturity is normally characteristic of coarsely grained regolith [Morris, 1977 [Morris, , 1980 ). This result is somewhat in contrast also with the previous detailed studies proposing a local modification of the upper layer of the regolith [e.g., Bell and Hawke, 1981; , with the removal of the finest fraction (<45 mm) in the soil and its redistribution in the vicinity with a laterally variable proportion and local accumulations .
[47] One possible explanation of the low contrast of the Reiner-g formation is that the formation could have immature coarsely grained regolith with interstices filled with fine dust. On average this bimodal mixture would have the particle size close to that for materials of surrounding areas. This would be consistent with earlier photometric studies of the region carried out at higher spatial resolution, which showed that the Reiner-g regolith surface has smoothed roughness [Kreslavsky and Shkuratov, 2003] . Another explanation is that in the case of Reiner-g, the implicit assumption made that in a natural soil the larger particles are covered by smaller particles with a typical size <45 mm may not hold and consequently there may be some restrictions for interpretation relying on the sample suite.
[48] As the map of characteristic particle size is in fact a first reliable map of such a kind, there are no possibilities for comparing our results with other data. However, as before, we have compared distributions generated with the Clementine (5-bands) and simulated AMIE/SMART-1 (3-bands) data in Figure 8 . On average this ratio is of about 1, though its variations are rather high, up to 30%. The correlation coefficient of the two suites of data is 0.84.
[49] Taken at face value, the characteristic size of particles over the region under study would be 21 mm; the scale of variations is approximately from 10 to 45 mm. Such estimates are not reasonable, if one considers the characteristic size as the average size of particles. The characteristic size are at least 3 times smaller than wellknown laboratory determinations of the average size of particles [e.g., McKay et al., 1991] . This is most likely linked to the fact that the LSCC size separates are not natural soils. However we anticipate that our characteristic particle size map gives, at least qualitatively, adequate information about distribution of the parameter over the most portion of the lunar surface.
[50] We note also that the map of I s /FeO does not correlate almost with the distribution of characteristic particle size. It indicates that the poor correlation between mean grain size and I s /FeO found by Morris [1977] for mature regolith is mostly valid for the whole lunar surface excluded perhaps only fresh craters.
Conclusion and Future Work
[51] 1. In this paper we represent a new technique for remote sensing determination of lunar surface composition in the context of the SMART-1 mission. The technique is based on spectral and compositional data for soil samples obtained by the Lunar Soil Characterization Consortium. Since we used principally mare soils, our results are still preliminary. This concerns especially our prediction for highlands. Although in future we plan to make improvements (extending the sample suite to include soils from highland regions) our technique is now able to give rational results. Being very simple, this technique can be applied in practice. Thus when AMIE/SMART-1 images of the Moon are acquired and brought to the same photometric system used by Clementine (RELAB lunar soils), one can directly use equation (1) and proper coefficients from Table 2 to map the abundance of TiO 2 and FeO, pyroxenes content, maturity degree (I s /FeO), and characteristic particle size for studied lunar regions. We have presented examples of such preliminary maps for the five surface characteristics.
[52] 2. Comparison of the TiO 2 and FeO abundance maps with distributions obtained with the approach by Lucey et al. [2000a] shows high correlations, though the actual algorithms are very different. On average our estimation gives smaller values of TiO 2 and FeO abundance for mare regions. We compare also the obtained I s /FeO distribution with the parameter OM by Lucey et al. [2000b] . There is an inverse correlation between these two characteristics, as expected. Unfortunately the correlation coefficient in this case is not high, only À0.78. After refinement with additional highland samples, our I s /FeO characteristics may be more suitable for applications.
[53] 3. Our mapping of pyroxene abundance shows that fresh mare craters have a higher abundance of pyroxenes in their ejecta and rims than in surroundings, in accordance with low maturity degree of the young crater regolith. Indeed, during short exposure time on the surface, crystalline material (e.g., pyroxenes) is much less consumed by agglutinate formation and the accompanied growth of I s /FeO does not occur. The pyroxene abundance map also clearly identifies pyroclastic regions as very low pyroxene abundance. We plan to use this approach to find small unknown pyroclastic areas.
[54] 4. We map the characteristic particle size using the LSCC data for particle size separates. This attempt to study the surface texture is very interesting and useful. Relatively coarse particles appear to be characteristic of rims and ejecta of young craters, as would be expected. An excess of small particles is predicted for highland areas. This looks also reasonable as the plagioclase component, which dominates the highland soil and rocks, is crushed by micrometeorite impacts more effectively than mare material.
[55] 5. We recommend special attention be devoted to description of specific regions of the Moon using such maps. One example could be the Reiner-g formation. Our preliminary results confirm that this formation is not a chemical anomaly, at least in TiO 2 and FeO abundance, in agreement with previous analyses. Our maps also indicate that the formation contains a surface material with unusual properties characterized with low maturity and high degree of crystallinity, consistent with the occurrence of immature regolith possibly contaminated with dust.
[56] 6. Our analysis and modeling with LSCC data and Clementine multispectral images show that SMART-1 multispectral data can be successfully used for estimating and mapping important parameters of the mare surface. However, data rate limitations for AMIE/SMART-1 do not allow obtaining a global image set for the Moon. This requires careful planning of sites to be imaged with the AMIE camera. Indeed, unusual areas, the regolith of which is perhaps not represented in the lunar sample collection, should be the most interesting. There are many examples of such areas, like swirls or red spots. On the other hand, our technique is developed using ''ordinary'' mare samples, and therefore our prediction is more reliable for typical mare regions. Thus prospective regions, which could be suggested for SMART-1 investigations, should include ''standard'' areas that are the Apollo and Luna landing sites. 
